NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 


WARTIME REPORT 

GaiGiNALLy ISSUED 
April 1946 as 

Advance Confidential Rep rt L6C13 

FIELD OF FLCW ABOUT A JET AND EFFECT OF JETS ON 
STABILITY OF JET-PROPELLED AIRPLANES 
By Herbert S. Rlbner 


Langley Memorial Aeronautical Labor at ary 
Langley Field, 7a. 



WASHINGTON 


NACA WARTIME REPORTS are reprints o f papers originally Issued to provide rapid distribution cf 
advance research results to an authorized group requiring them for the war effort. They were pre- 
viously held under a security status but are now unclassified. Some of these reports were not eth- 
nically edited. All have been reproduced witnout change in order to expedite general distribution. 




t 


IT AC A AC A :*o. L^Ci; 


NATIONAL ADVISORY CJUKITTEZ FOR AERONAUTICS 


FIFLD OF FLO’" ABOUT A JUT AND EFFECT OF JETS ON 
3 C ABILITY OF JET -PRC PULLED AIRPLANES 
By Herbert 5. Kibner 


SUIT] ARY 


The ficv\ inclination Induced cutsice cold and hot 
propulsive jets by the turbulent spreading has been 
derived. Certain simplifying assume tie ns -ere employed 
and the region near the orifice was not treated. T he 
effect cf jet temperature cn the flow inclination .vas 
found tc be small- when the thrust coeff icient is used a 3 
the criterion for similitude. The deflection of a jet 
due to angle of attack has been derived and found to be 
appreciable but orr.all for normal flight conditions with 
small normal accelerations . The average jet-induced 
downwas h over a tell plane has been obtained in terms of 
the geometry cf the jet-tail configuration. These results 
have been applied to the estimation cf the effect of the 
jets on the static longitudinal stability and trim cf 
je c -propel led airplanes . 
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A jet, ss it spreads by turbulent mixing, is kc:~v;n 
to entrain cutslce a;r in tr.o mixing zone. Air is thus 
drawn in;o the j ° t and the external f Is caused to 
incline mv/erd the jet axis. If the jet parsec near the 
tail surf aces »:f je t-propelle i : irplsr.es, she jet-induced 
flew oe v tat ion will affect me stability «ri trim. This 
flv.v deviation on i i*s effects or. static longitudinal 
stability ore herein investigated r..e:rc tic ally for both 
coll and hot jets. 

The present invest iustiou v.ss well advanced when a 
British report by Squire and Trcjnc c :* cn the odd jet 
(reference 1) became available m this c run try. The 
considerable rigor '-f tne Britisu analysis was found to 
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Impaired bv the use of an idealized ccsine velocity^ 
distribution in the jet, which produces errors as S re ^' 
as 11 percent. Also, the original version of the present 
analysis was found to be oversLxplif isd in one respect, 
which resulted in comparable errors in the opposite 
direction. In the present revised treatment, most o- 
the advantages of simolif icatien are retained, but the 
basic analysis of reference 1 is used to establisn t..e 
value of a constant. The approximate treatment given 
herein permits the representation of the jet-induced 
stream deviation by a single curve. A comparison of tr.e 
present analvsi 3 for the cold jet witn. that cf ^qu-re 
and Trouncer” is given in appendix .-t. Reference 1 aces 
not treat the hot jet. 

The first part of the present pop iv Is concerned 
with the analysis of the flow inclination ino.uceci <^uts_ds 
cold and hot jets and the jot deflection duetto angle of 
attack. The last part is concerned with application^ to 
the computation 'f the effects of the jet on longitudinal 
stability and trim. The computational procedure is out- 
lined in detail in the numerical example (tables I to . — ) 
so that little reference to tr.e text is necessary. 


SYMBOLS 


(For diagrammatic representation of some of the symbols 
referring tc jets, see fig. 1.) 

y thrust 

T absolute stream temperature, degrees 

p street, density 

a ratio of *ccal jet density to -stream density 

7 3 1 re pt,\ velocity 

U increment of jet velocity over stream velocity at 

print ^ x , r ) 

;; increment cf jet velocity ever stream velocity at 

comt x on jet axis 
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°m 


r 

R 

r = R 


Increment of jet temperature ever stream tempera- 
ture at point (x,r), degrees 

increment of jet temperature over stream tempera- 
ture at point x cn jet axis 

jet-temperature coefficient 

axial distance from print at which jet. In accord- 
ance with law of spreading thot holds at sub- 
stantial distances from orifice, would have 
zerc cross section 

radial distance from jet axi3 

radius of jet boundary at section x 
i 


/’oy 2 i 1 2 /cl. 


V 


s v 


TT f 


= X 


v 


'rpv 2 !- 


iV 2 ra - .>^2 


:t, • 


thru3t coefficient / - — \ 

V?° v V 


3 wing area 

I 1 , I? constants cf velocity arc-file; defined in text 
I, 1 , I-, n , Ip’, and 31 forth functions ?f t 


:ef :r.e d ir. text 


jet-spreaaing parameter (taken as 0.2L' 
jet-spre.-. ling ns.rar.eter (taker, ac 3-5'. 
constant (taken as ?.*-) 

3 tre &r fun? 1 1 on 


j I??* 
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jet -induced inclination of flow toward jet axis; 
with subscript w, win* dowsw&sh averaged 
between jet orifice and horizontal tail 

nean jet -Induced do.vnv; ash angle ever horiacno?i nail. 

local inclination of jet axis to general i low 

angle cf at tael*: of thrust axis 

angle cf attack of thrust ax is relative to average 
flew between ,iet and tail - £ w; 

area cf jot orifice 

span of horizontal tail 

lateral dict‘nco of jet axie from center of hori- 
zontal tail 

distance of t.nrusfc axis below center of gravity 

oirpiar.e p i t c h in g -morse r. t coefficient 
/ pitching nor.ent\ 

V h ** 30 ) 

wing chord 

distance of nacelle inlet ahe^-d of center of 
gravity; measured parallel to thrust axis 

airol*r.e lift coefficient f ; power cn 

\ ko'rs j 

unless ci it sc rip ted 


incidence 


.f horizontal tail, degrees 


elevator angle , de r,r° c* 3 ; positive J ov;:v«v ere 


elevator h 


h 1 r £ e orr. e n t coefficient 


/ Hing e ;n cr»:ent 

^ IpV -2 X Elevator st an x (Elevator chore) 1 ' 
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Cv 



da 



rip distance of neutral point behind leading-edge mean 
aerodynamic chord ss fraction of mean aero- 
dynamic chord 

aHp shift of neutral point due tc power: positive in 
forward direction 

Subscripts : 


j measured at jet orifice 


T 

due to 

thrust force 

£ 

due to 

jet-induced flow inclination 

1 

due 1 0 

single jet 

2 

due' oc 

two jets 

nac 

due to 

nacelle normal for 00 


measured at zero thrust; defined as 
condition 

fixed 

stick 

fixed 

free 

stick 

free 


ASSUMPTIONS 


cold jet are 
treatment of 
po. 163-lco ) • 


the 

the 


The 


The basic assumptions for the 
h 2 :.iOse for ?rahdtl J s approximate 
spread of turbulence (reference 2, 
flow studied is incompressible but 
oidered closely applicable to all subsonic jets and 
approximately applicable to supersonic jets. The 
starting point for the present paper Is a corollary of 


ar.e 


the results are cr»n- 
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the assumptions of reference 2, derived in appendix 3^m 
the form. of an approximate differential equation i or t. e 
s a reading of a jot in a moving fluid. In reference 1 
the snreadiryr; of the jet is obtained in a riyorov.s r.ur.i.er 
rom first principles. It is shewn in append a:: ^ 

-r ,o suitable choice of a constant i too values o_ c . .0 
v/o expressions can be made to ayreo very closely. 'Che 
constant nan been so choson in the present analysis. 

on she basis of experimental data (references 
and iJ for a jet in still air, exclusive of the orj 
r scion, the velocity profile is assumed to ' 


c* V »*» p y 
o _ .. <x-- c. o 


all section: 


of the j« 


havo the 
lc special con- 
sideration is £j.vcn tne r c i'.-0 n — approx in*.', ^cly - ~ i- j.v .9 
diameters in Is.ifth - in which transition occurs from the 
uniform velocity":.!; ti.e jst orifice to tbs character it sis 
•■•vroOile of tho full" developed curbulcnt jet. ?..o -oro- 
•o?ui: as sumption 1.0“ suitable for aeturr..inin J tne dovnuacn 
induced at the horizontal tail by v:i:ip--ou:hcd jet rectors ' 
it it 

near the jet or if .nr. 

^i> r .^enco 7 


not suici'oj.e for cleierrriiiin 


Ihe velocity i'-rc, 


or reA 


Velocity c ovj r or.h-nt s p si - ' £ 11 . 3 1 io t..e gicj.g x*i^uccc. 


o 


'■.e 


1.-1 t.ic* Gi’it'jrr.ml fiov/ ftre 01^x103 3 . in "bue 
analysis. This oi.iss ion effects a considerable simpli- 
fication in that it port.! ts re? .cementation ^ of the fietj 
of flov: outside the jet by a single curve in a graph. 

.h is no anted one in reference i, reflect of t.c my.uceu 
axial flow implies that "... the radj.nl ilo'.. -t one.', 
section of the jet [is] independent of t.\o ficw in oh.^r 
sections: this is ap" rcxinately tins very c^oso - 0 

bound ar* r of the nixing region but is quite invalid at 

, v , -V I U ^ _■ 1 . .... r. n 1 . - n ^ • - ' ■» <- 'l . "1 -VV* r*V 

Ii-rr :-3 distances ii'ozi ^r.c ot vl-.is* 


ho accuaj. x 1 oiv o*_;c- 


urdod f*3 closoi;.' equivalent to 

. 4 • ^ 1 — ■ #1 o' a 4* \ ^ ^ o v ' n 

ocv.re the ".rener iniiov: at 


jiie the jst can bo : 
that ;r uvucod cy a system 

of stroi.nth sufficient to . . , 

the edge of the jot...." tho results computer wi .0 -**s 
<i'o ' 'Z* orciiii^t ion 2 .r , 3 ti.ovcfoi's i* 3 r i j cg ... j-h -x^x- — -* w 

to the f-ciisral vicinity of the joe. fh? royicn Is no re 
nreciselv defined subsequently in the present paper. 


O-I 
' ry rl 


^ x. 


■;c :r.; re ssibilj-ty 
ir.side the j«.t but 13 retained for 
he perfoct-gaa lav; is applied. 


- h * 

' u 

re abandoned fer f 

flov: outs 1 da the j — — .- - - - . . 

v:i:h the tempo nature elevation at any point in -no je- 
03 c lined to be _ roperti"'.'..' 1 ! to tne c iff are roe act. can 
local jet velocity end the stream volociuy. ov.cn a 
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temperature distribution is known to follow from the 
momentum- transfer theory when the temperature differences 
are so small that density changes and heat transfer by 
radiation may be neglected. This principle will be 


applied herein without restriction to smal 


irature 


differences arid without regard for the divergence from 
experiment. (See fig. 2.) Because of these simplifying 
assumptions the analysis of the hot jet can hardly be 
valid quantitatively. The analysis should be valid 
qualitatively to the extent of establishing whether the 
effect of temperature on the jet-induced flow incliua- 
t_on i3 large or snail* 


ANALYSIS 

Cold Jet parallel to Stream 


Velocity in jet .- if all the fluid of the jet is 
taker. locally fro:!’, 'cho' stream, momentum considerations 
shew that the thrust equals the mass flow per second 
through any element multiplied by the excess of the 
jet velocity over the stream velocity at the element 
integrated over the cross section of the jet; that is 
(see fig. 1(a) for notation). 


rn 

= p I (V + u)u 2trr dr 

Jo 

= 2t:? 1 2 pu(vI 1 + UI 2 ) 


C -) 2 - - E - 

V/7 T„ V 


I 2 v 2t!p^l 2 R 2 


where 


u r dr. 
U R R 
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*2 = 


7u\ 2 £ 2L 
W R R 


Tf any of the fluid of the jet is not taken from the 
stream, the thrust F in equation (1) rust be replaced 
by (F - Flight velocity x Added mass per second). ihs 
added mass par second contributed by the fuel Is negli- 
gible for air-breathing jet motors. For rockets the 
added mass per second equals the thrust divided by the 
jet-nozzle velocity. Aspiratcr-type jets lie between 
the two categories. 

Equation (1) may be solved for the ratio cf the 
peak jet additional velocity U to the stream velocity V 
in the fcrrn 


C _ X 1 
V ~ 2I 2 


A + T)" 


where 


t) = Ry 


/ ttp^i^I; 
i f 

faiAz 


and Is a nondimens ienal parameter. 

Spreading of Jet.- By extension of Prandtl's_ 
qualitative reasoning (see reference 2, pp. 163-165) it 
is shown in appendix 5 that 


1 + f- 
U 


where k and f ere constants that are determined in 
appendixes a and 3, respectively. By use of equation U), 


equation (32) may be written 
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dR 

dx 


k 



+ T] 



When the new variable 



is Introduced 


di 2 _ dR _ k 



and upon integration 



( 3 ) 


(U) 


Equation (4) provides the lav/ of spreading for the 
jet since R - n and x - £; the thrust F is con- 
tained in both r, and £. Near the origin, where the 
jet additional velocity U is large in comparison with 
the stream velocity V, t) is small in comparison with 
unity and equation (4) is approximately 

T] = k§ 


or 


R = kx 
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Thus, ne nr the origin of the jet, the spreading is 
approximately linear with the axial distance x. Far 
fror.1 the origin, where the jet additional velocity Is 
small in comparison with the stream velocity, r, is 
large In comparison with unity and equation (i^) is 
aooroxinate 1” 


2iy = leg 


= Constant x x 


That is, fa.” from the origin the jet spreads as the one 
third power of the axial distance x. Some further co: 
nents on the spreading of a jet are made In appendix 3. 

For the velocity profile (fig. 2), experimentally 
found for a jet m a still fluid, 1-^ = 0.0991 and 
12 = 0 . OI4.O95 . For greater generality Ic v.'ill be left 
undeterr'.ined for the present. With these values of I] 
and 1^, equation (it) has been used to prepare figure 

which shows the variation of r/^>T c * with lcx/^3T c 1 . 
Equation (!;) has also been used with equa tion (2; to 
provide the variation of Tj/V with kx/^5T c ' shown in 
figure it. 


The point origin cf the idealized jet of the present 
treatment, which is the origin of the coordinate x, is 
located a distance Xj upstream cf the orifice of the 
actual jet. (See fig. 1.) The value of Xj varies 
with T c ! but an average value i3 2.p orifice diameters, 
gore precise values can be obtained from figure 3 with R 
interpreted as the orifice radius Rj. 

Flow inclination. - The condition of continuity may 
be expressed by forming the stream functien 
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(u + V)r dr 


Outside the jet this expression is approximately 




UR 2 ^ 



(5) 


if the small values of u induced by the jet in the 
external flow are ignored. The angle at which the 
external flow inclines toward the jet axis is then, for 
small angles, 

_ 1 cA' 

rV Ax 


2 U/V d(U/V) 
R dR 




The use of r, and £ in place of R and x, 
respectively, (with ratios of the f«rm x /? permitted, 
however) serves t® eliminate the thrust as a* separate 
parameter, 'when this change i3 made in equation (6) 


xl 


e - 


KS 


2U/V , 

T} 


d ( b/v ) 

d-n 




if x/§ is written for its equal R/tj* Then by the use 
of equations (2) to (Ij.) there results finally 



in radians, v/h ere rj is 
variable ^ by equstlgn 
tion, accurate to within 


related to the Independent 
(4). An asymptotic approxima- 
1 percent for r t ~ O.iB, is 
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kl^ x 1 - 2r, 
2 lo r£ /Ip 


(^\ 
V A 1/ 


If t) Is expressed in terms r f £ , the flow- 

inclination relation (7) is of the form 


e = Constant x £ x Function of — 
1 x 


'.Vlthin the limits of application of equation (?) the 
flow inclination outside the jet thus is Inversely pro- 
portional to the radial distance r from Ihe jet axis. 
Equation (7) can be conveniently represented by the 

variation of — £ with — 'i — • The values of the con- 
x v2 


stants k, f, 


x 

and I; 


therein are determined in 


appendixes A and B as C.2li0, 3*3* G.G991# and G.C4^/5> 
respectively, for the velocity profile of^fi^ure 2. For 

these values the variation of — € with — ^ is given 

in figure 5 . Th is s_ingle curve provides all the _neces- 
sar y Inf ormatio n on the flov. Incli n ation a typical 
flow pattern is shown in figure IT. 

The flow-inclination relation < 7 ) and figure 5, 
which Is computed from It, are limited In application 
to points reasonably near the jet cut well away from the 
orifice. The first limitation results from the neglect 
in the computation of the stream function of values of 
axial velocity induced by the jet In the external flow. 

The second limitation results from the neglect of the 
transition region between the orifice of the Jet and the 
region of similar velocity profiles. The charts of 
reference 1, in which these omissions were not made, shew 

the --variation of eauation (7) holds. In general, 
w r 

to ±5 percent within twice the jet raaius at distances 
errester than 3 crifice diameters downstream of the orifice. 
This accuracy should be sufficient for the usual relative 
positions of the jet and the horizontal tail f*r v/ir.g- 
mounted jet motors. 
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The foregoing remarks may be interpreted from another 
point of view. The diameter of the jet orifice does not 
appear in the equations of the flow analysis, but it has 
been ascertained that these equations are applicable, in 
general, for distances greater than 8 orifice diameters 
downstream of the orifice. The domwash induced at the 
horizontal tail bp wing jets at a given thrust may there- 
fore be concluded to be almost Independent of the size 
of the jet orifice up to a diameter about one-eighth the 
distance to the horizontal tail. 

For very high ratios of the jet velocity to the 
stream velocity (& > 30 ^, T] ia very small, and equa- 
tions (7) and (7 s ) become approximately 



(7b) 


where the assumption that e is small is dropped. Such 
conditions may occur with rockets at take-off and at low 
speeds. For rockets the mass flow from the nozzle Is 
not taken from the stream and, as has been stated, the 
coefficient Tp ' must be multiplied by one minus the 
ratio of the stream velocity to the jet exit velocity 
for use in the formulas. Rocket jets are ordinarily 
supersonic near the nozzle and the equations are not 
strictly applicable. 


Hot Jet parallel to Stream 

Velocity in Jet .- The local air density in the hot 
jet will be some variable fraction o of the density in 
the free stream. For the present, purpose the temperature 
elevation at any point in the jet will be assumed to be 
proportional to the difference between the local jet 
velocity and the stream velocity (see section of present 
paper entitled ” Assumptions" ) ; that is, 

— - Tu 
TV 
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where t is a constant. (See fig. 1(b) for notation. 
3y the perfect-gas law then 


a = 


T + t 


i+ ? 


i .t±2 

•J V 


With t.:e Incorporation of tr.3 clefs' ty factor 
the equations Dor the cold jet .v:,il be .-edified to apply 
to the betted jet. The sjc.jr.en turn equation .viil take the 

f '.'IV: 


r..\ c. J 

Cl) * T7 V 


= 0 


2*rp V^Ip 'R* 1 


( 9 ) 


where 


“ i. 


» — 


(JO 


u r dr 

C R R _ 

a U 

1 + T 

U V 


.. f 1 f 

' Jj ]. . T ii E 

U 7 


I-. ' sr.i 


3 on per it or. c. 
quantities for the cold jet, 


X, i with the corresponding 
ar.d I; ( e qua-, ion ( i ) ) , 


ugpests the ft- lining ar proxijr.it icr.s : 
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1 * -T KT n 

I'i 


where ft is £ constant tc be determined 07 substituting 
values commuted by the exact e quutl^ns in the secrnd cf 
equations ,1C). An average value rv°? the range cf 

greatest interest, 0 = t ^ ^ 1 . 2 , is k = 0 .J 1 fcr the 

experimental velocity profile figure 2. Equation i 9 ) 
can now be expressed in the soluble fom 


'.r\5 x i ( *c\r 1 1 

H + ii(l - + -±-r ti 

" r i 7 V ' / V t _ s 


from which 


U/2I; 


— rvT + ~ <T ') + r 2 


where n is the function cf ?. &r.d T c ’ defined under 
equation ( i2 ) 9 

The j.it-t-:s:nper sture creff icier.t t map be determined 
f r'-ra che following consider’-ticru i f the tapper a t~re nt 
the jet erifiec is kncv/r. . Zqu&txcr. {•?) &s applied t-a 
c^ndi t xcr.s ;.c the jet eriflce ( designated by subccriot j), 
acre s. a v'h i cl: the velocity .v 111 be asjurae ; un 1 f ^ r~ , ta,:ec 


:r.e i arm 


\v J " \ V 


I ^ibpdata vm 
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If the small values of u incuced by the Jet In the 
external flow are Ignored. The Jet-Induced stream 
deviation Is then, for 3mall angles, 

c = JL*± 

Vr cx 


r 


dR 

dx 


L (oA)ii' - W 

2 R 


+ a 

V dR 


d( v/v ) 

“dR “*T“ 


The Introduction of r\ and £ in place of R 
a^i x, respectively, (with ratios of the form x/s 
permitted, however) eliminates the thrust as a separate 
parameter. V.ith this change 

’(s/v)v-v u di i* dI *' d(l, / v) " 1 

2 i 2.+ “—. i _^_+T» (lV 

r V dr, d-r) 1 dT, 


e= JL r 2& 

_r T| At 




dl 


where x/c ha 3 been substituted i'er its equal Ft/r. 


According to the original assumption that the shape 
of the velocity profile Is the 3ane for all sections, 
the ratio u/u depends only on r/R and is independent 
of R or t). Therefore 


Pi 


dli« 

dr 


thL 


d_ 

dr 


u r 

U R 


dr 

'D 


a U 

T u V 


= -II 


,Ui. 


r dr \ 

iX-V 

u D J 


d ( u/v ) 

dr 


V 


c ( U/V) 


d-r 


> 


as: 
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e = Constant x ~ x Function of 


(¥■ ■) 


As is the case for the cold jet, the flow inclination 
outside the jet is thus inversely proportional ce the 
radial distance r. The effect of the jet temperature 
is determined by the jet- temperature coefficient t. 

Equation (lu) for the flcv deviation about the het 
jet has beer, evaluated for the 3 ingle value t = O.Vp. 

The curve of - « against — 3— is '-.hrv.r. in figure ;, 

A X < - 

where £ is measured in degrees, along v.ith the curve 
for the cold jet (r - C). 


Similitude of Hot end Cold Jets with 
Applications to Wind-Tunnel Tests 

A typical value of the temperature coefficient in 
a propulsive jet is t = 0 . 1 * nt iit-ru: flight T, ' . 

From the curves of figure r j , therefore, the effect of 
temperature on the leo — induced i' _ 0 c inclination can oe 
seen to b? ' s' all . ' tr rride i the come arisen is made _ at the 
3ame tiros c coefficient ’ . Ti>e thrust creff j.c ic*nt .3 

-j 3 a suitable criterion for tne similitude o. whe f— r*w 
fields «bout hot -'no cold jots of the type for "hlch all 
the flov from tie exit is supplied from the inlet. (For 
a constant H .ret fie setting the ccef ? hoient r increases 
as T, 1 deore ises, c. 0 this variation dees net ir.vaxi- 
data the cor.clus lor.. ) 

Beciuob the reduces de.u’ty che hot jet from a 
tvo leal ti-ro '.u jet or ter vLH h *v - ox t..e orcer cf 
twice the 'jxlt • 1 0 •? L ” v c. : . a cole, jet that dev- xCj-s tr.e 

(. rv, .■ . . ■ t . e r nr. 3 O'se *u* if 1 . e , 1- ?i.. .he x.*ow 

fro- n. e - s”p- l:.ed c ire inlet. The mass fir* 
of a..-' hoc jot, i.rvVnr, >xl 1 oe of she order of cno- 
i.alf that 'i tue cold Jut. r-.-r mode 1 , te .icing v/ltr. a 
cold j-v t the .rice fi.v. into the naco • — o x n x s- t t.iat would 
occur* J v:ich a hot Jet chcuxd te 3 emulated in orcer to 
simulate the proper flew about tne nacelle. Tr.e mass 

L C Wi* I i,r. a X A «ru- 
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flow in the cold jet can be made equal to that in the hot 
jet by reducing the orifice ex'* the cola jot to such a 
size that the product of am density and orifice area is 
the sane for both jets. In wind-tunnel teats at the 
Airies Aeronautical Laboratory of the NAT A (unpublished) 
the 3cale-size orix'ice of the coid-jit node! was restricted 
to an annulus by means of a faired plug. 

If some of the fluid of the cold jet i3 supplied 
from a source other than the inlet of the nacelle, as in 
the case of an aspirator jet, the mass flow into the 
inlet is less tr.cn the r.ass f lev from the e::it, and the 
foregoing relations do not apply, in this ease simula- 
tion of the proper mass flov: inro the inlet is possible 
without reduction of the size of the exit from the scale 
value. Y/ith an aspirator jet, however, the jet-induced 
flow inclination at a riven thrust will be too snail for 
the reasons explained in the analysis of the cold jet. 

(See section entitled ''Cold Jet Parallel to Stream.") 


3f feet of Inclination of Jet tcis 

General remarks . - The effect of inclination of the 
jet axis to the general flow must be considered in 
es timet ions of the jot-induced dov/nwaoh .it the tail 
plane. If the jet behaved like a rigid body the incli- 
nation would give rise to m. interference similar to 
that between the fuselage and the horizontal tail. 
Vertically above the jet there would be a slight down- 
wash, and on either side, a slight upwasn. Averaged 
across the taij., the net effect would be negligible. 

The jet actually approximates a rigid body in that 
it tends to maintain its shape and direction m spite of 
any inclination to the mam flow. There i 3 an au-orc- 
ciable progressive dev in ci.cn, however, from the initial 
direction toward the stream huroction that can be obtained 
frci.i roue r. turn considerations. This deflection alters 
the distance between the jet and the hcnr.cr.til tail, 
and therefore the jot-induced dcwr.wash. 

Determination of jet deflection .- Let 3 be the 
local inclination of the jet axis to the general flow, 
and let c e be the inclination of the thrust a:: is . c.i 
the basis of moment 1 ua considerations, the follov'ing 
approximate relation for the fractional angular deviation 
of the jet is derived in appendix C: 
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The variation cf 1 - with tCcy^ 6 T c '» for the cold 

jat (t = C) ar.d the hot jet (t = O.lp) is given in 

figure 7 . The effect of jet temperature 13 seen to be 
negligible . 

The change due to Jet deflection in the radial 
distance r fre.n the jet axis to the horizontal tail 
1 3 given by 


ir = 


5?-3 


(* ’M 1 • *e)„ 


(19) 


x 4 is the distance from the orifice to the 


( l ' a »)a. 


is the average value of 


where x - xj 
horizontal tail and 

^ _ _ 2 _ bttv--. en the jet orifice and tre hinge line of 
a 8 

the hori :ontal tail r.inus the value at the Jet criiice. 

In this ayolicr-tion the general flow in the region of 
the jet is" affected by the wing downwssh so th;t, in 
straight flight, 

a e = a - « w 

in demr-.es, where a is the inclination of the tnrust 
axis to the free stream, and £ .„ is the cownwash due to 

th-. wing averaged over the ier.gth x - x : . In accel- 
erated flight the curvature of the flight pat*, contributes 
an additional increment to c 3 . 

Tha jet deflection Ar is evaluated in table III 
of the numerical example, alonp with various ot..e? 
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quantities, and is shown to be no more than 15 percent 
of r. Cn the basis of these computations the jet 
deflection appears to be small for straight flight and 
for flight with small normal accelerations. Cn the 
other hand, the average angular deviation of the jet is 
an appreciable fraction of the angle of attack. The 


fractional angular deviation 


( 1 ' £). 


is 0.21; cr 


greater for the several conditions of the numerical 
example. (See tables I to III.) 


37F2CT OF TTTS CN LONGITUDINAL STABILITY AND THIN 
Average Downwash over Tail plane 


Consider a general point y along 
horizontal tail, 'with y = 0 directly 
(See fig. 3.) Let the angle subtended 
the jet by the length y be The j 

inclination has been shown to be invers 
to the radial distance from the jet axx 


the inclination at 7 = 0 i 3 c, the 
is e co 3 3. The downwash at v ia th 
this normal to the tail plane € ccs^G. 
mean downwash angle over the tail plane 

b*. 


; the span of the 
above the jet. 
at the center of 
et-inbuced flow 
ely proportional 
s; therefore, if 
inclination at y 
e component of 
The unweighted 
is therefore 


Pd+-jr- 


cos~9 dy 


b f 

r d + Jk 


™=d+ J- 


«/ ■» *r: . r* + — - 
- 2 
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Lifting-line theory suggests that an average 
weighted according to the chord would provide the most 
accurate values of tail lift. .an unweighted average 
over, 3 ay, 0.9 of the tail 3?an would appear to approxi- 
mate t'-is condition. The curves of figure 9, accordingly, 
have beer, prepared from equation (£0) with C.9b^ sub- 
stituted for b t . The curves give the variaticn of 
T/c v/j. th r/bt ar.d £d/bp where T is now the effec- 
tive mean jet- induce 1 downwash across the tail plane, 
c Is the flew inclination at a radius r from the jet, 
and r/t-t ar.d <M/r t locate the jet axis relative to 
the tail plane, as snev.n in figure 3. The curves apply 
to a 3 ir.gle jet, and the downwash is additive for several 
jets . 

Pitching-Moment Increments Due to Jet Operation 

General consi derations .- Ac a given angle of attack, 
operation of the jet rioters will, in general, change been 
the pitching moment ar.d the lift coefficient. Confusion 
will be avoided if the changes in pitching r ament and 
lift coefficient are initially obtained as functions of 
the rower-off (zero thrust) lift coefficient Cr, c , which 

is a known function of ao.gie of attack. The several 
pitching-Moment increments due to jet operation are dis- 
cussed in che following paragraphs. Each increment is 
tc be regarded as a function of Cg,. The increments are 

given for a single Jet and are to be multiplied by the 
number of jets. 

Pitching moment contributed by direct thrust .- If 
the tlirust axis of th? jet pa33 c 3 a distance t below 
the center of gravity the thrust will contribute an 
incremental pitching' moment, w-.lch is in coefficient 
fem. 
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The thrust coefficient *T C f ordinarily will be known as 
a function of the power-cn lift coefficient C^. In 
order tc obtain T c ? as a function of the power-cff 


lift coefficient Ct 


use can be made of the known 


relation between and a together with the relation 


C*r = a? r » 


where and Ct^ are measured at the sane angle of 

attack a ana a is taken in radian measure. A ''cut- 
and-try 11 procedure may be used and a curve of o 
against can be obtained at the same tine. 

Pitching moment contributed by jet-induced dowrwash .- 
It ha3 been shown that a jet induces outside itself an 
axially symmetric flow field. The inclination € (meas- 
ured in degrees) relative to the thrust axis at the 
point (x,r) (see figs. 1 and 3 ) for a given thrust 
coefficient T c >, can be determined from figure 5* A 
small deflection &r experienced by the jet when inclined 
to the general stream car. be determined from equation ( 19 ) 
and figure 7 and used to correct r and then e. The 
ratio of the value of average downv/ash over the horizontal 
tail T to the value of e is given ir. figure 8 as a 
function of the geometry of the jet-tail configuration. 

The pitci. ing -moment coefficient contributed per jet 
by the jet-induced downwash is then, for the stick fixed, 


e f Ixed 


dC„ _ 


If the stick 1 s free and if the jet unit is mounted 
under the wing so that the horizontal tail is well away 
from the orifice, expression (21) becomes 
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If the criflce is near the horizontal tail, S3 when 
the jet issues from the rear end of the fuselage, the 
horizontal tail will be in a region of curved flew. If 
the value of Cj^ i 3 negative, the elevator will tend 

to float downward to conform to the curvature. This 
downfloating tendency will add a stabilizing or negative 
amount to the value of the 3 tick-free pitching-moment 
increment given by equation (22). The chsng^, could be 
substantial for a closely balanced elevator ^ Chg near 

zero) ; the magnitude of the change vill depend on the 
type of balance. In addition, the hinge-moment charac- 
teristics might be modified by an effect cf tne jet on 
the boundary layer of the elevator. 

The charts of the present paper (figs. 3 > 
and 7) are not valid within a distance cf approximately 
6 orifice diameters downstream of the orifice, and ref- 
erence 1 should be consulted fcr the flew in this region. 
Equation (21) for the stick-fixed pi tching -moment incre- 
ment will be approximately valid provided £ is evalu- 
ated at the three-cuarter-chord line of the horizontal 
tail . 

Fit ching moment contributed by nacelle normal force. - 
The air taken in at the nacelle inist is turned through 
an angle (tne angle cf attack cf tne thrust axis) m 
becoming alined v.ith tr.e jet axis. This turning of the 
air give 3 rise to a centrifugal force acting upward at 
the inlet. The force, which is negligible compared with 
tne wing lift, equals the rr.au3 flow per deccnd through 
the nacelle multiplied by the stream velocity and tr.e 
sine of the local angle cf attack. Tne contribution to 
the airplane pitching -moment coefficient Is 


(Mass/sec) l sin (a - e) 
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where l is the lever an from the inlet or' the nacelle 
to the center of gravity of the airplane and -€ is the 
upwash induced by the wing a t the nacelle inlet. The 
upwash -€ can be estimated from figure 5 cf reference y. 
This upwash is large only when i/c in equation (23) is 
small, and it3 neglect therefore introduces small error 
In the moment. 

Pitching moment contributed by b o u ndsry-layer 
remo val The suction and other effects of the jet may 
tend to remove some of the boundary layer on adjacent 
surfaces. The pressure distribution </Ould be somewhat 
altered. In seme instances flow separation may be inhib- 
ited, which w^uld result in rather large changes in 
pressure distribution. In case fiew separation on the 
wing is suporessed, an increased aewnwash will occur at 
the tail with a consequent positive pitching-moment 
increment. The determination of the moment changes due 
to these several effects must be left to experiment. 

any change in the fuselage pitching moment due to 
boundary-layer removal with tail on may^pcssibly be dif- 
ferent from such a change with tail off because of the 
interference between the horizontal tail and the fuse- 
lage. For this reason the comparison of tests of models 
with tail on and with tail off may not necessarily: yield 
the part of the power-on pitching-moment change that can 
be attributed to the Jet- induced dovnv/ash. 


Neutral -Point Shifts Erie to power 

The power-on curves of C r, against Cy for various 
elevator settings should be parallel like the power-off 
curves. The shift in neutral point due to power is 
therefore 



in units of the wing chord. The derivatives are evalu- 
ated at any convenient elevator setting for the 3ticic- 
fixed condition and at any convenient elevator tab 
setting for the stick-free condition. 
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From tne earlier discussion it follows that expres- 
sions of the form 


<in„ - 


dAC,, 


or 


dAC„ 


are not quite correct, where aC-, ri 13 the sur.; cf the 

several incremental in orient coefficients of t:.o preyed ~r.< 
paragraphs mvltiplisd by tne number cf jet units, C L: 
i 3 the power-elf lilt coefficient, and C L is the 
power-on lift coefficient. Since C L - C Lo la small, 

however, eitier of the two equations is b gcca first^ 
aoorexiir.aticn.. The exact neutral -point slr.il t .3 s±j.-r. ■*. 
dependent cn the position of the power-off neutral pome, 


*>ur.ericsl example and Discussion 

Sv coif .’.cations for a hypothetical airplane propelled 
b- twin v. in -r runted j-V r.ctcrs are giver, in table .. 
Detfiiicu computations of the effect oi the jets on 
longitudinal* stability and trim are giv-r. In tables I. 
and~lTI . -fry moment resulting from bour.c-ry-1 aver _ 
removal that may be caused by J-t act-or. Is * ; ot - - - - 

Ths computations cover a range o: nit ^eiume.iCs anu 
both cold end hot jets. Th^ mere important * actors cal- 
culated are the mean jet-induced ck-.vn^ash angle ov r tne 
horizontal tall; the changes in the pitching moment wu:; 
the stick fixed and with the stick free cue to tr.is ao.*n- 
wash, tc the direct thrust moment, and to tree naceim^ 
normal force; and the corresponding sn'.fts an tne st.^A- 
fixei ai.d stick-free neutral points. 

Table II is a suggested there mntroc of computet I'm, 
The method is approximate in tr.at me eii=ct of »• 
deflection cue to angle of attack is negieston, tr.e ^ 
variable distance Xj Is taKen as u.on*, ^;u me e 
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of temperature Is neglected except m specifying -th*- -- 

mn33 fLc'.v oer second tnrough the nacelle. Table III 
gives tho detailed computation without these approxi- 
mations. The maximum influence of the variation in xj 
on the iet-induced flow inclination is found to ce 
1 percent. The maximum influence of both Xj and incli- 
nation of the jet axis on the mean jzt-induccd downw&sh 
is found to be ? percent. The jet deflection does not 
excesd 15 percent of the distance from the Jet axis to 
the horizontal tail. The close agreement be tween a 
tables IT and III suggests that the detailed computation 
of table III may be dispensed with in many cases. 


Comparison with Experiment 

The present method has been used to estimate the 
stick-fixed pitching ^moment increments due to jet opera- 
tion for a twin- jet f ighter-ty : ve airplane tnat has been 
tested in the Langley full-scale tunnel. The unpublished 
experimental values are compared wit; the estimated values 
in figure 9* The flaps-neutrai curves (fig. 9(*0) show 
a discrepancy in trim, but gc^d agreement in slope. The 
fleps-def looted curves (fig. 9(h)) shew good agreement in 
both 3 lope and trim up to a lift coefficient of 0.6, but 
above Cr, = 0*6 the experimental curve diverges markedly 
from the rather straight estimated curve. This diver- 
gence is probably associated with some suppression by 
Jet act '.on of separation at the nacelle inlets that was 
Indicated by tuft studies carried cut during the tests. 

In tho whole, the agreement between the estimated 
pitching-moment increments due to jet operation and the 
exce r mental increments spoe:irs to be sufficient for 
design purposes. A number of further comparisons with 
experiment will have to be made before the accuracy of 
the m-thod of estimation car. os established. 


v ^ it o w O 




An analysis has been made cf the field of fLo;v 


ab’ut a jet and the effee- 
tv ii: cf Je t-rrose lied air 


The 


‘he stability arui 
-.ilcwinc conclu- 


sions include an allowance f .r tns lirr.i ta: i$ns nt 
s im.pl if yi.Tg assume ti ons employed : 
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1. The jet-induced flow Incllnationvaries very 

nearly inversely as the radial distance from the jet axi3 
within the region between the jet boundary and twice the 
radius of the jet boundary at distances greater than 

8 orifice diameters downstream of the orifice. 

2. The effect of Jet temperature on the Jet- induced 
flow Inclination is small when the thrust coefficient is 
used as the criterion for similitude. 

3. The deflection of the jet due to angle of attaclc 
Is small for straight flight and flight with small normal 
acceleration. The angular deviation of the jet, however, 
is an appreciable fraction of the angle of attack. 

Tiie downwa3h Induced at the horizontal tall by 
wing Jet 3 at a given thrust .13 almost Independent of tho^ 
size cf the jet orifice up to a diameter about one-eighth 
the distance to the horizontal tail. 

5. The radius of a Jet varies almost linearly with 
axial distance near the orifice and varies approximately 
as the one-third oower of the axial distance very far 
from the orifice. 

6. The equations for Jet-induced flow Inclination 
raav be aoclied approximately to rocket jets if the 
thrust coefficient is multiplied by one minus the ratio 
of stream velocity to jet-nozzle velocity. 

7. The influence of aing jots on longitudinal sta- 
bility and trim may be estimated with sufficient accuracy 
for do s i-T. purpose 3 by an approximate method that neglocts 
the of facts" of jet deflection, size cf the jet orifice, 
jet-induced boundary- layer removal, and most of the 
effects of jet temperature. 

Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, V&. 
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C0XPARI30S VtlTH THE ANALYSIS 0? S^IRE .-J 


ICi L'i\‘ - J> 


The f Ion-inclination charts of Squire end Trounct-: 1 
.'reference 11 differ fror figure 5 of the present ;^er 
by amounts from 0 to 11 percent v»hen the f 1 or. i3 meas- 
ured at the jet boundary 8 or more orifice diameters 
from the orifice. Figure 5 i* believed to he more nearly 
correct within its region of application because cf the 
use of an experimental rather than an idealized velocity 
lie cribut ion in the jet, although the treatment is less 
rigorous otherwise. A detailed comparison of trie 
analyses follows . 


Squire and Trou.ieer present a relatively rigorous 
treatment oy the momentum- transfer theory of the develc 
r*en t of a maze jet in a general stream. moving parali^ 
zr the jet axis. Full consideration 13 given to the 
region, approximately 3 orifice diameters in length, ir 
^nich transition occurs from the uniform velocity at ti 
jet zrifizp to the characteristic velocity dlsrributlcr 
of the fully developed turbulent jet. The present 
analysis ignores the transition region entirely. Use j 
nade cf Squire ana Trouncer ’ s analysis to correct the 
value rf a constant in an approximate equation for me 
spreading of the jet. (See appendix 3.) The equation 
derived from the qualitative conoi derat ions cf refer-u.r 

In the analysis of reference 1 the values of axiaJ 
velocity induced by the jet in the external flow are 
first neglected ir determining the stream function, as 
hao been done in the present analysis. Squire and 
Trouncer, no*; ever, use the result to determine a oyster 
tf 3 i nk s along the jet axis from vh*ch the stream func- 
tion ( "*r, more accurately, its x-deri vot j v*r } 13 reevai . 
ated* This procedure effectively restores the missing 
axial-ve loo ity increments. Examination of the compute' 
f 1 r w - me 1 i n<t tier, charts of reference 1 in conjunction 

uith the values of — - — £2. m tables II to IV ther^J 

c 2 au 1 ** 

shows that this refinement is unnecessary '.vithin twice 
the jet radius at points 3 or more orifice diameters 
downs tre am ox' the orifice. This range should cover the 
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usual relative positions of the Jet and the horizontal 
tail for wing-mounted jet motors. 


Determination of Jet-Spreading Farameter k 

The only questienable point in the analysis of 
Squire and Trouncer is the use of a oosine-velocitv dis- 
tribution for reasons of mathematical simplicity, rather 
than the experimental velocity distribution that was 
used in the present analysis. The general development 
of the jet (from considerations of mass flew) Is affected 
only slightly by a moderate change in the velocity pro- 
file. (See reference 1.) The determination of the 
angular spreading of the boundary *f the Jet by rneans of 
the experimental data of reference 1, however, 13 quite 
sensitive to the shape of the profile. The determination 
may be made as follows. A jet issuing from a small ori- 
fice in still air is known to spread conically. According 
to reference 1 the cone on which the velocity is equal 
to one-half the velocity on the jet axis at the same 
section ha3 a semiangle of 5°* With Squire and Trouncer's 
cosine-velocity profile therefore 


0.5R = x tan 5° 
R = 0.175* 


or 


k = O.175 (Al) 


With the experimental velocity profile of reference 3 
used herein (fig. 2), 


0.365R = * tan 5* 

R = 0.21+Ox 

k = 0.21+0 (A2) 


This value is 37 percent more than the value for the 
cosine profile. 
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Effect '•f Velocity Profile on Flow Inclination ' 

The flew inclination about the jet is in turn 

dependent on the spreading of the jet. If tj 13 expressed 

.P 

in terms of £ , equation (7) is of the form 


X 


IcV 

x Function 0 ! 


ST, 


fl- 


m ■■ 


(A3) 


where k and f arc parameters for the spreading of 
trio jet, and I x ai.d I ^ are integrals invclving the 

velocity profile. V. ith Squire and Trouncer's cosine 
orof ile 


,2. 2 0 . , 2 

k h = (0.173) ~(0.l4^) 

1 2 ** 0.0861 

= O.OO785 


£1 2 _ (2.6) (0.0561) 
i x o.l' ;G6 

= 1.506 


With the experimental velocity profile (fig. 2) 


^II (0.2L0) 2 (0.0991) ; 


v. 


= 0.01156 
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_ (;. 5) (0.01+395 
0.0991 

= 1.652 


The difference in k 2 I- L 2 /l 2 is 32 percent of the value 

for the experimental profile. This difference is large 
enough to reduce the ordinates of figure > ° 

11 percent; the reduction la almost ^linear witn ox c ,* x 

up to a value of 7 percent at $ = c '»^‘ ,,lth this 

xr 

reduction, figure S is in substantial agreement, within 
its range of applicability, with the crarts of reference 1. 
The use of a cosine-veloel ty distribution instead of t^e 
more sharpie peaked experimental distribution thus appears 
to introduce errors up to 11 percent ir. the charts of 
reference 1. 

It is rather striking that the pronounced difference 
between the cosine profile and the experimental velocity 
profile results in very little difference in the 
parameter fl 2 /li . Thus the only important uncertainty 
in the calculations for the cold jet is the evaluation 
of the spreading-profile parameter T hi3 

uncertainty is not great, since $2 percent error in 
l{2r /I 2 leads to errors of from 0 to 11 percent in the 
flow inclination. 

These results imply that the calculated rate of 
change cf mass flow in the Jet with axufcl distance is 
not critically dependent on tne velocity profile chosen, 
presumably Squire and Trouncer had this interpretation 
in nine whan they stated (reference 1) that the general 
development *t the jet is little affected by a moderate 
charge in velocity profile. 
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APPROXIMATE DIFFERENTIAL RELATION FOR SPREADING CF 
ROUND J7T CR '.V ATS IS UOVIif? FLUID AND ESTABLISHMENT 
OF THE CONSTANT f FROM E RATIONS (lU) 

AND (15) OF S3JIRE AND TROCKCER 
Bade Analysis 


Consider & cro3s section of a round jet or wake for 
which the velocity &t the center is r u. The particles 
of fluid in the section move downs trean with an average 

(T 

velocity ^ + V. «ccordIng to Prandtl » s approximate 

treatment cf the spread of turbulence ( reference 2, 
pp. 165 to 165 ) the time rate of increase of the jet 
radius is proportional to the velocity difference jUI 
between the center of the jet and the edge. The section 
may thus be visualized as expanding radially with a 
velocity proportional to lUl and moving downstream 

with a velocity — + V. The slope of the boundary of 

2 

this round jet or waka 1 s therefore 



dx U + v " + 2 V 
2 


( Bl ) 


whore k i3 a constant that is determined in appendix A 
from experimental data. Equation (Bl) is ols# appli- 
cable to a two-dimensional jot or w eke if R is inter- 
preted as the semiwldtn. 

Equation (31) leads to the known linear expansion 
of the jet radius with axial distance for a round jet in 
still air and tc the known one-third power law for the 
wake of a body *f revolution. Th'=. proofs, which are 
3j.mpl3, are omitted. It is of interest to note that a 
high-speed jet in moving air should show an approxi- 
mately linear screening near the orifice, where the stream 
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ve loci tv V is snail in comparison with the jet aodi- 
tional velocitv U, and far back where U is small in 
comparison with V the expansion should follow the one- ' 
third power law for the spreading of the wake of a body 
of revolution* 

The foregoing analysis centers an arbitrary element 
in the specification of | + V as the effective average 
velocity in the jet. A more generalized average velocity 
would be H + V where f is a constant that depends 

on the shape of the velocity profile. Thus equation (31) 
can be generalised to 


SSL* k 


u + fV 


It will be shown that the equations of reference 1, 
derived cn a mere rigorous basis, provide an expressmen 
for d R/dx that approximates equation (E^) very closely 
for a suitable value of f, and thus establish the cor- 
rect value for f • 

Determination of Jet-3preading Parameter f 

Equations (lh) and (I'y) of reference 1 may be written, 
in the notation of the present paper, as 

UR 2 (l 1 v + I 2 U) - bj = 3 (35) 

U — (b -i V .+ b 0 U > ) + R — (b,V + b, u) + b 5 U 2 = 0 (Bl) 


respectively, where 
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r 1 

i, = at 21 = o. 
1 J 0 c R R 


l!*66 


= 2 ( J i - fi) = °'° 578 


= d) 2 1 f = °- 0861 b 2 = <*> - r J i) = o-aw 

On 


1 


Ji = 


- - — = C.09I4 

U R R 


b* = J, = 0.0911; 

S 1 


,1 

2 


/u\ r dr . 


jp = ^ £ 2 £ = 0.0695 t>. = 2 J 2 - k = 0.0935 

u -> v;/ R R u d x 


b - 770 

5 ~ 8 


The numerical values apply to the cosine-velocity dis- 
tribution adopted by Squire and Trounber. (The symbol c 
ir. the equation Tor b- is used by Squire and Trouncer 

and is distinct from the v.Tng chord c of the present 
report-.} Elimination of dU/dx betv;een equations (B3) 
and (31;) gives 


dR 

dx 


? 5 U ( X 1 V * 2i 2 u ) 


“( 2I 1 V + 2l 2 U )( b 5 V+ V J ) + ( X l V + 2l 2 D )( b l V + b 2 U ) 


(B5) 


If this equation is put Into the form *f equation (52), 
the constants therein are 



iC = 


H£_ 

6 


bi, 
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ACE 


f 



N - h. ■ hS * b u £) 

b !i - b 2 (i k - b 2 )(l 1 ♦ 2I 2 § 


(b 6 ) 


For the values of tiie eonstants that apply to the cosine- 
velocity profile cf Squire and Trouncer (given under 
equation (El+)), an average value for f is 2.6. With 
thi3 value the approximate equation (32) agrees with tr-. 
more exact equation ( 25 ) within 1 percent over the range 

from — = 1 to 2 s 1 *, 

V V 

For the experimental velocity profile that was used 
herein (fig. 2) the constants are 

I x = 0.0551 

I 2 = O.C4695 


= 0.0701 


j 2 = O.OU59 


= 0.0151U 

b2 = O.OI76U 

bz = 0.0701 

b| = 0.0527 


Insertion of these values in equation (B6) gives an 
average value cf 5*3 for f. With thi3 value the approxi- 
mate equation (32) agrees with the more exact equa- 
tion (35) within 2 percent over the range from ^ = 1 

to Li = ~s. The value f = 5*3 has b. er» used lr. the 
V 

computations of the present paper. 
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APP5N1IX C 


DEFLECTION OF IDEAL JET INCLINED TO STREAM 


Let a Q be the Inclination of the thrust axis to 
the general flow, and let 9 be the inclination of the 
jet center line at a distance x from the fictitious 
point origin of the jet. It is required to determine 
9 

i ■” '' > the fractional change in the direction of the 
a e 

Jet. 

The momentum relations for the components of the 
thrust parallel to and perpendicular to the stream are, 
for small values of a e , 

R 

o(V + u)u 2trr dr 


= arrRWjj I X ' + (!0 2 Ij.J (Cl) 

OR p R 

a s T = P o(V + u) 2 0 2rrr dr + P I V^2ttt dr 

<J0 J 0 

Tne first integral cf a g T is the cross-wind momentum 
Oi the mass flow In the jet; the second integral Is the 
cross-wind momentum of the disturbed outside air com- 
puted from the additional apparent mass of the jet. The 
expression reduces to 




Solving equations (Cl) and (c2) simultaneously gives 






1+0 
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1 - i- = 


2 " I 3 ’ + v V 


2 - 


V + V 1 !' + S 


V 


In accordance with the main text put 


V 


kip T J 

+ — fe-KT £ 


V = 


kl 2 rj 

1 * -if KT v 


^KtE 


1 7 

ii v 


(Strictly speaking, the values of k should be different 
in each expression. ) Then 


1 


( 2I 1 + S "^)l + *2 


(C3) 
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TABLE I 


SPECIFICATIONS FOR NUMERICAL EXAMPLE 


Twin wing jets 

S, square feet 

R J# foot 

r, feet 

x - Xj (to hinge line of horizontal tail) 

d, feet 

b t , feet 

l/c * • • • 



dC m/ di t 

di ^m/ dd e 

c ho/ C h 5 

T c ' per Jet 

jet temperature minus stream temperature 
Stream temperature T, °F a hs 


275 

O.Ii 

• ••••• 3 
feet ... 3 

3 

12 

. . . • .0*5 
. . . • .0.1 
. . . -0.050 

. . . -0.015 

• • • • .0.5 

. . . 0.lfC Lo 
tj, °F . Ia30 
530 
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3H0ST APPROXIMATE C0HPUTAT10IS PCR RUlttRIC AL EXAMPLE 

&•* dof loot Ion nogloctod «nd tokon u I*.6*j; 

>t (Mp*riUr« asglsotsd ixetpt la aUp lj] 


1 

2 

3 

U 

3 

A 

7 

d 

9 

10 


'to 

V 

»T, 'A 2 


ll *•« 


r/b v 

24, 

I A 

AC— 

# fUod 2 


11 




fr««2 


12 


*C. 


13 

U* 

15 


■mi/mc 

on 

•* <*•« 

4C -n« 3 


14 


'rutd 


17 | ABp, 

I Pfroo 



Cold 

cold 

Cold 

Cold 

■ 

■ 

U5 


0.5 

loO 

1.0 

2.0 

.08 

•16 

.16 

.32 

.227 

•1*55 

•1*55 

.909 

.222 

.1*20 

.1*20 

.730 

.73 

1.39 

1.38 

2.1*6 

•25 

.23 

.25 

.23 

*5 

.5 

.5 

• 5 

.326 

•326 

.326 

.326 

-77 

1.1*5 

1.1*3 

2-39 

.0231 

• 0l»J5 

.01*35 

.0777 

.0173 

.0326 

.0326 

.0583 

1 

.3160 

.0320 

1 

.0320 

.061*0 

i 

1 

\ .001*70 

.0063U 

.00634 

.00911* 

! J*7 

10.3 

-3 

13.0 

.3006 

.0021 a 

•.0001 

.001*2 

.378 

•073 

.073 

.069 

.368 

.06I* 

.064 

.061 
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w TABU !XI 

OBTAXLD COBmATICU FOB BQWB1C4L I 



©aid cold cold cold 


45 k5 45 


.i* >2 


6.13 6.13 8.97 17.3 



Ratio of ootlot volaolty otau itaio rolooltp to 
itr* ■ viImII; (Proa (12)) 

Ratio of obooWto to^orataro to ooloottf 


(Si) 


.040 . 0 * 0 1 . 0*0 


.044 .047 


1.83 1*93 1.8k 1.48 

9.83 9.83 9.5k 9.48 

.05 .495 .^<>9 .939 

.1*20 .420 .750 .722 

.372 .372 .252 .21*8 

*• .31 .24 .2k 


•.3 13.0 13.0 
10.0 19.1 15.1 
- 10.3 - 2.1 * 2.1 

.45 .07 .07 


77 3»k5 5.07 3*07 

49 1.20 2.1*0 2.27 


,288 

.254 

.254 

.5 

.5 

•5 

.570 

.*3) 

•533 
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ur« protilea In the jet. The bate line for the 
See alio section entitled ’’Symbols." 
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Figure 2.- Telocity and temperature profiles for a round Jet 
in still air. 

(a) Experimental velocity profile adopted for the present 

report. Replotted from reference 3 with r/R taken 
as the value therein divided* by 2.74. 

(b) Experimental velocity profile of figure 20 of refer- 

ence 4 fitted to curve (a) at -jj* ■ 0.5. 

(cl Theoretical cosine velocity profile of reference 1. 
fd) Experimental temperature profile of figure 20 of 
reference 4 to same r/R scale as curve (b). 
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Figure 6.' Representative streamline pattern outside a Jet of a Jet-propelled airplane In flight. 
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to jet operation. Twin-jet fighter-type airplane, rated power at 
Experimental data from unpublished full-scale wind-tunnel tests. 
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